The shipborne vertical launching system originated from the ballistic missile launch system. It is mainly used on ships and submarines for air defense and anti-missile attack and defense against surface ships. The purpose of this work is to study the influence of ship motion on the attitude parameters of the missiles exiting the silo under high wave level to meet the missile launch requirements. The dynamic models of the warship and its vertical launching system were established based on finite element method. The kinematic parameters of the missile were obtained considering the swing motion of the ship. The results can provide guidelines for the design of the shipborne vertical launching system with improved performances.
Introduction
The shipborne vertical launching system is currently a widely used missile launching system by the navy. It has significant features such as large bomb load capacity, high emissivity, all-round attack and multiple-type of bomb shared launch [1] . For the vertical launching system, the key parameters include the missile's exit time, exit velocity, exit angle and angular velocity, etc., which are heavily influenced by the ship motion and the missile launch mode. Under the condition of high wave level, the state of the ship at the time of missile launching, including the roll, the pitch and the heave of the ship during the launching process are particularly influential for the missile exit parameters [2] . Therefore, it is necessary to study the influence of ship motion on the missile exit parameters under high wave level.
In this work, the finite element (FE) models of the ship and its vertical launching system were first established. Using the ship FE model, we obtained the swing motion parameters of the ship under level-six wave level and took them as boundary conditions for the launching process simulation. Then, we numerically obtained the kinematic parameters of the vertical launching system module by using the system's FE model. LS-DYNA was used for all the simulations. Due to the large number of simulation cases, we developed a MATLAB program for batch processing of input file preparation, simulation submission and post-processing of simulation results.
Dynamic Models

Ship Model
The ship's swing motion is assumed as a six degrees of freedom (DOF) rigid body motion under the waves. The motion of each DOF is simplified as a simple harmonic motion, as shown in formula (1) . The amplitude, period and phase of each DOF motion can be calculated according to the specific sea level, the ship type, speed and the wave direction [3] . The ship's swing motion model is a three DOF rigid body kinematics model as shown in Figure 1 , including the roll, the pitch, and the heave [4] . 
In formula (1), X, Y, and Z represent respectively the surge, the sway, and the heave, and X θ , Y θ , and Z θ represent the roll, the pitch, and the yaw respectively, as shown in Figure 1 [5] . The surge, the sway and the yaw motions were assumed not significant in affecting the performance of the launcher. Therefore, in this work, only three DOF were considered including the roll, the pitch and the heave. The ship's motion time history curves under the condition of 120s level-six wave level were calculated as shown in Figure 2 In the actual high wave level, the ship's motion is slightly affected by the ship's speed, size and the wave direction. Therefore, the influences of these factors on the missile's exit parameters can be ignored [6] .
Missile Launcher Model
Under high wave level, the motion of the ship is assumed as rigid body motion, mainly considering the roll, the pitch and the heave of the ship around its swing centre. In the missile launcher dynamic model, we simplified the launching barrel as a rigid body moving along with the ship. During the swing motion, the ejection force drives the missile to launch. Based on this, the FE model was established. The model includes the launch barrel, the missile and the bracket, etc., as shown in Figure 4 . , ,
In formula (2): cos sin 0 cos sin cos sin sin sin sin sin sin cos
where T m is the rotation transformation matrix (considering the coordinate transformation caused by the roll and the pitch), and Z is the translation transformation vector (considering coordinate transformation caused by the heave). 
Results and Discussion
Working Condition Statistics
We analysed the influence of ship's swing motion on the missile's exit parameters under high wave level. Two working conditions were simulated. We performed the dynamics simulations under the combined working conditions, the number of working conditions is shown in Table 1 : For the convenience of analysis, we only considered the influence of the roll angle and the angular velocity on the exit parameters. We analysed the combination of the vertical direction translation and the single DOF rotation and the effect of translational acceleration on the exit parameters.
Influence of Rolling Motion
According to Case1.1 in Table 1 , the swing angle ranges from -18° to 18°, and the angular velocity is obtained by angle differentiation. In a swing cycle, the variations of the missile's exit parameters is shown in table 2. For convenience, the maximum value of one of the typical working conditions is listed in the table. The values of other working conditions are normalized according to the above working conditions. 
Influence of Translational Motion
Taking case_1.1 condition as the baseline, we further analysed the influence of Z direction acceleration on the exit parameters. The Z-direction translational acceleration was superimposed, and the working conditions are set as in case_2.1 in the table 1. The acceleration interval in the Zdirection is taken as 4 m/s ² in the simulation. The results in table 3 show that the influences of vertical acceleration Az on the exit velocity, the exit angle and the exit angular velocity are very small. Compared with the swing angle and the angular velocity, the influence of Az is negligible. However, the influence of Az on the exit time is greater than that of the swing angle and the angular velocity. The reason is that the launch direction is basically the same as the Z direction. During the launch process, Az affects the acceleration of the launcher tube and greatly affects the acceleration of the missile, and thus affects the exit time.
Conclusions
In this work, the ship motion and its influence on the performance of the shipborne vertical launching system under level-six wave level was analysed numerically. The influence of ship swing motion on the missile exit parameters were obtained under typical working conditions.
Simulation results show that the roll angle has a significant influence on the missile exit parameters. In order to ensure that the missile exit parameters are within the safe range, the missile should be launched when the ship is in the equilibrium position. The vertical acceleration A z of the ship has greater influence on the exit velocity and the exit time of the missile than the swing angle of the ship. In the considered range of A z , the exit time variation is about ±20ms, which is about ±5% of the total exit time, thus can be neglected in reality.
